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MENTAL STRESS HAS BEEN LINKED to several cardiovascular diseases, including hypertension (12, 13) . Hypertensive and prehypertensive individuals, as well as normotensive subjects with a family history of hypertension, have all demonstrated an augmented pressor response to mental stress (14, 17, 22, 28, 33) . Although this hypertensive response is well documented, few studies have examined the mechanisms underlying this response.
Mental stress consistently induces forearm vasodilation (2, 3, 8, 26) , and evidence suggests that prehypertension blunts this response (28) . The mechanism(s) responsible for this attenuated response remain unresolved, but an augmented sympathetic neural response has been suggested. Specifically, Matsukawa et al. (22) reported that muscle sympathetic nerve activity (MSNA) responses to mental stress were augmented in borderline hypertensive compared with normotensive subjects. Unfortunately, concurrent vascular responses were not assessed (22) , and MSNA responses to mental stress are highly variable (9) .
Therefore, the present study aims to determine both forearm vascular and MSNA responses to mental stress in prehypertensive and normotensive adults. We hypothesize that prehypertension will blunt forearm vasodilation and augment MSNA responses to mental stress. Understanding the mechanisms responsible for the augmented pressor response to mental stress is clinically relevant and may lead to better intervention strategies to help prevent, or at least delay, the development of prehypertension and/or hypertension.
METHODS
Subjects. Thirty-five healthy men (18 normotensive, age 23 Ϯ 2 yr; 17 prehypertensive, age 22 Ϯ 1 yr) participated in the study. Normotensive subjects were defined as having a resting systolic pressure Ͻ 120 mmHg and diastolic pressure Ͻ 80 mmHg. Prehypertensive subjects were defined as having a resting systolic pressure of 120 -139 mmHg and/or a diastolic pressure of 80 -89 mmHg. This is consistent with current blood pressure classifications (10) . Subject exclusion criteria included smoking, diabetes, use of blood pressure medication, and autonomic dysfunction. Normotensive (24 Ϯ 1 kg/m 2 ) and prehypertensive (26 Ϯ 1 kg/m 2 ) subjects had similar body mass indexes. Subjects were asked to refrain from exercise, caffeine, and alcohol for 12 h before being tested. This experimental protocol was approved by the Michigan Technological University Institutional Review Board, and all participants signed an informed consent form.
Experimental design. Subjects reported to the laboratory on 3 consecutive days. Testing occurred at the same time of day to avoid diurnal fluctuations in autonomic measurements. Resting blood pressures were measured in the seated position three times after 5 min of rest on each of the 3 consecutive days and reported as the mean. Height and weight were recorded following the resting blood pressure readings on the 3rd day. After resting measurements were taken on day 3, subjects were instrumented for the mental stress autonomic function test, which included 5 min of supine rest (baseline), 5 min of mental stress (mental arithmetic), and 5 min of supine rest (recovery). Mental arithmetic consisted of subtracting the number 6 or 7 from a 2-to 3-digit number continuously as investigators encouraged the subject to respond quickly. The 2-to 3-digit number was changed every 5-10 s. MSNA, heart rate (HR), beat-to-beat blood pressure, and forearm and calf blood flow were recorded throughout the protocol.
Measurements. Arterial blood pressure was measured using two techniques. Resting arterial blood pressure was measured three times (separated by ϳ1-min intervals) over 3 consecutive days using an automated sphygmomanometer and reported as a mean value (i.e., 9 readings over 3 days). Beat-to-beat arterial blood pressure was recorded continuously via Finometer (Finapres Medical Systems, Amsterdam, The Netherlands) during the mental stress protocol (i.e., baseline, mental stress, and recovery). The Finometer accurately determines relative changes in arterial blood pressure, but should not be used to determine absolute values. Therefore, the Finometer was used to determine precise changes in arterial blood pressure that occurred during mental stress, while the sphygmomanometer allowed us to compare baseline arterial blood pressures (Table 1) . Arterial blood pressures are expressed as systolic (SAP), diastolic (DAP), and mean arterial pressures (MAP). HR was recorded with the automated sphygmomanometer during the 3 consecutive days of blood pressure monitoring, and with a three-lead electrocardiogram during the mental stress protocol.
Forearm and calf blood flow were measured using venous occlusion plethysmography. Changes in forearm and calf blood flow were measured via mercury-in-Silastic strain gauges placed around the subject's forearm and calf at the point of greatest circumference. Cuffs were placed around the subject's left wrist, upper arm, thigh, and ankle. The wrist and ankle cuffs were inflated to 220 mmHg to occlude blood flow to the hand and foot, while the upper arm and thigh cuffs were inflated to 60 mmHg for 8 s and deflated for 7 s (i.e., 15-s blood flow intervals).
Multifiber recordings of MSNA were made by inserting a tungsten microelectrode into the peroneal nerve of a resting leg. A reference electrode was inserted subcutaneously 2-3 cm from the recording electrode. Both electrodes were connected to a differential preamplifier and then to an amplifier (total gain of 80,000), where the nerve signal was band-pass filtered (700 -2,000 Hz) and integrated (time constant, 0.1) to obtain a mean voltage display of nerve activity. Satisfactory recordings of MSNA were defined by spontaneous, pulse synchronous bursts that increased during end-expiratory apnea and did not change during auditory stimulation. A loss or shift of the neurogram during mental stress prevented analysis of MSNA data in 14 subjects; thus we report MSNA burst frequency responses to mental stress in a total of 21 subjects (10 normotensive, 11 prehypertensive). Total MSNA responses to mental stress are presented for 19 subjects (9 normotensive, 10 prehypertensive).
Data analysis. Data were imported and analyzed in the WinCPRS software program (Absolute Aliens, Turku, Finland). R-waves were detected and marked in the time series. Bursts of MSNA were automatically detected on the basis of amplitude using a signal-tonoise ratio of 3:1, within a 0.5-s search window centered on a 1.3-s expected burst peak latency from the previous R-wave. Potential bursts were displayed and edited by one investigator. The average burst area occurring during baseline was normalized to a mean value of 100. MSNA was expressed as bursts per minute, bursts per 100 heartbeats, and total MSNA (i.e., the sum of the normalized burst areas per minute).
Forearm and calf blood flows were analyzed as percent change and used to calculate vascular resistance and vascular conductance. Vascular resistance was calculated as MAP divided by limb blood flow, while vascular conductance was calculated as the reciprocal (i.e., limb blood flow divided by MAP).
Statistical analysis. All data were analyzed statistically using commercial software (SPSS 15.0, SPSS, Chicago, IL). A two-way repeatedmeasures ANOVA was utilized to determine if changes in MSNA, SAP, DAP, MAP, HR, and forearm and calf vascular resistance and conductance occurred during baseline and mental stress and across trial groups (normotensive and prehypertensive). Post hoc analyses were performed using least significant difference pairwise comparisons. Resting variables were compared using independent t-tests. Means were considered significantly different when P Ͻ 0.05.
All results are expressed as means Ϯ SE. Hemodynamic variables are presented as 5-min averages in results text and 1-min averages in Fig. 1 to provide more detail on differences between groups. Although there were group differences in forearm vascular responses, data are only presented as 5-min averages, as this was more conducive to the sampling technique (venous occlusion plethysmography). Finally, MSNA and calf vascular responses were not different between groups, regardless of analysis (i.e., minute by minute vs. 5-min averages), so data are presented as 5-min averages. Table 1 reports seated resting blood pressure and HR values taken over 3 consecutive days. Resting SAP, DAP, and MAP were greater in prehypertensive than normotensive subjects, while resting HR was not different across groups. Table 2 reports supine baseline MSNA, along with limb blood flow, vascular resistance, and vascular conductance to the forearm and calf. Forearm blood flow was significantly greater in prehypertensive compared with normotensive subjects, whereas all other baseline variables were not different between groups (Table 2 ). Figure 1 demonstrates that increases (⌬) in SAP (⌬9 Ϯ 2 vs. ⌬14 Ϯ 2 mmHg; P Ͻ 0.05), DAP (⌬8 Ϯ 1 vs. ⌬11 Ϯ 1 mmHg; P Ͻ 0.05), and MAP (⌬10 Ϯ 1 vs. ⌬14 Ϯ 1 mmHg; P Ͻ 0.05) during mental stress were significantly greater in prehypertensive compared with normotensive subjects. Figure 2 demonstrates that mental stress significantly increased MSNA from baseline when expressed as bursts per minute (normotensive: 11 Ϯ 2 to 18 Ϯ 3 bursts/min, P Ͻ 0.05; prehypertensive: 11 Ϯ 3 to 18 Ϯ 3 bursts/min, P Ͻ 0.05) or total MSNA (normotensive: 3,918 Ϯ 718 to 10,064 Ϯ 1,295 arbitrary units, P Ͻ 0.05; prehypertensive: 5,591 Ϯ 1,360 to 13,417 Ϯ 2,684 arbitrary units, P Ͻ 0.05). In contrast to blood pressure, MSNA re- 
RESULTS
Values are means Ϯ SE; n ϭ 18 for normotensive, and n ϭ 17 for prehypertensive. Measurements were recorded after 5 min of seated rest at the same time of day over 3 consecutive days with an automated sphygmomanometer. SAP, systolic arterial pressure; DAP, diastolic arterial pressure; MAP, mean arterial blood pressure; HR, heart rate. *Significantly different (P Ͻ 0.05) from corresponding normotensive value. Values are means Ϯ SE. MSNA, muscle sympathetic nerve activity (n ϭ 15 for normotensive and n ϭ 16 for prehypertensive); FBF, forearm blood flow (n ϭ 17 for normotensive and n ϭ 16 for prehypertensive); FVR, forearm vascular resistance; FVC, forearm vascular conductance; CBF, calf blood flow (n ϭ 17 for normotensive and n ϭ 15 for prehypertensive); CVR, calf vascular resistance; CVC, calf vascular conductance; units, ml ⅐ 100 ml tissue Ϫ1 ⅐ min Ϫ1 . *Significantly different between groups. Fig. 1 . Changes (⌬) in systolic (SAP), diastolic (DAP), mean arterial pressures (MAP), and heart rate (HR) (expressed as both absolute and percent change) during 5 min of mental stress in normotensive (NT; n ϭ 18) and prehypertensive (PHT; n ϭ 16) subjects. Mental stress elicited a significant pressor response in both groups, and this response was augmented in PHT subjects. Mental stress increased HR in both NT and PHT subjects, and there was no significant difference between groups. Values are means Ϯ SE. *P Ͻ 0.05 from corresponding NT value.
sponses to mental stress were not different between groups (Fig. 2) . Figure 3 represents the forearm blood flow responses during mental stress in normotensive and prehypertensive subjects. Although mental stress increased forearm blood flow in both groups, increases were significantly blunted in prehypertensive subjects (⌬116 Ϯ 16 vs. ⌬62 Ϯ 11%; P Ͻ 0.01). Likewise, decreases in forearm vascular resistance (⌬ Ϫ41 Ϯ 4 vs. ⌬ Ϫ18 Ϯ 5%; P Ͻ 0.01) and increases in conductance (⌬95 Ϯ 14 vs. ⌬37 Ϯ 8%; P Ͻ 0.001) during mental stress were blunted in prehypertensive subjects. In contrast, calf blood flow (⌬43 Ϯ 11 vs. ⌬36 Ϯ 6%), resistance (⌬ Ϫ12 Ϯ 5 vs. ⌬ Ϫ8 Ϯ 4%), and conductance (⌬29 Ϯ 10 vs. ⌬19 Ϯ 5%) responses during mental stress were similar between groups (Fig. 4) .
DISCUSSION
The present study compared neurovascular responses to mental stress in prehypertensive and normotensive subjects, and our data reveal three major findings. First, mental stress elicited an augmented pressor response in prehypertensive subjects. Second, this augmented pressor response was associated with an attenuated forearm vasodilation. These findings are consistent with previous work (17, 22, 28) . Third, prehypertension did not alter MSNA responses to mental stress. This finding is novel and provides new mechanistic insight into the well-documented, yet poorly understood, link between mental stress and hypertension. Collectively, our data indicate that blunted forearm vasodilation, not augmented MSNA, contributes to a more dramatic increase of arterial blood pressure during mental stress in prehypertensive subjects.
Several studies have shown augmented blood pressure responses to mental stress in prehypertensive compared with normotensive subjects (17, 22, 28) . Similar results have also been seen in subjects with a family history of hypertension (25, 33) . Furthermore, an augmented pressor response to stress in normotensive subjects may even help predict the development of hypertension (12, 23) . In the present study, we report an augmented pressor response to mental stress in prehypertensive subjects. Thus our findings are consistent with previous studies and strengthen the rationale to determine potential mechanisms that may be responsible for this augmented response.
Matsukawa et al. (22) reported an elevated blood pressure response to mental stress in borderline hypertensive subjects and suggested that the difference was likely due to a decrease in MSNA in normotensive subjects and no change in the borderline hypertensive subjects. However, recent evidence (9) suggests that the findings of Matsukawa et al. (22) may not represent typical MSNA responses to mental stress. Specifically, a recent retrospective analysis of 82 neurograms from normotensive subjects indicated that nearly 90% of subjects demonstrated an increase or no change in MSNA, while ϳ10% were classified as "negative" MSNA responders (less than or equal to ⌬ Ϫ3 bursts/min) (9) . Therefore, the findings of Matsukawa et al. (22) , which reported a significant sympathoinhibition of MSNA during mental stress in normotensive subjects, may not represent a normal distribution with regards to typical MSNA responses to mental stress.
The present study demonstrates similar increases of MSNA during mental stress in normotensive and prehypertensive patients. We attribute differences between our data and the findings of Matsukawa et al. (22) to the inherent variability of MSNA responses to mental stress in humans (9) . However, it is important to note that in the present study, 10 of 10 normotensive subjects and 10 of 11 prehypertensive subjects demonstrated an increase or no change in MSNA during mental stress. These ratios are consistent with a recent largescale study that reported MSNA either increases or does not change during mental stress in ϳ90% of adults (9) . Therefore, we are confident in our data and conclude that MSNA responses to mental stress are similar in normotensive and prehypertensive populations.
Whereas prehypertension did not alter MSNA responses to mental stress, it did alter forearm vascular responses. Specifically, prehypertension blunted the classic forearm vasodilatory response associated with mental stress. Blunted forearm vascular responses to physiological stressors are associated with increased incidence or risk of hypertension (4, 28, 29) . For example, young normotensive individuals with a family history of hypertension display a reduction in peak forearm blood flow (4) and an increased forearm vascular resistance during (29) and after (4) reactive hyperemia. Moreover, borderline hypertensive subjects demonstrate increased forearm vascular resis- Fig. 2 . Changes in muscle sympathetic nerve activity (MSNA) bursts per minute and total MSNA during 5 min of mental stress in NT and PHT subjects. Mental stress increased MSNA burst frequency and total MSNA in both groups. These responses were not different between groups (burst frequency: time ϫ group, P ϭ 0.43; total MSNA: time ϫ group, P ϭ 0.29). Values are means Ϯ SE. *P Ͻ 0.05 from baseline. N.S., no significance; a.u., arbitrary units per minute.
tance and MAP during mental stress (28) . Thus the present study, which demonstrates blunted forearm vascular responses to mental stress in prehypertensive subjects, is consistent with previous work (28) and offers new insights by demonstrating that the blunted forearm vascular response to mental stress is not accompanied by altered MSNA.
A recent study reports similar MSNA responses to mental stress in the arm and leg (8) , making it reasonable to assume that other mechanisms beyond MSNA may be responsible for the blunted forearm vasodilation to mental stress in our prehypertensive subjects. However, it should be noted that other studies have reported a divergence in arm and leg MSNA (1) and decreases of arm MSNA (15) during mental stress. We recognize the absence of arm MSNA data as a limitation to the present study, but do not believe this lessens the impact of the data. Our primary focus remains on mechanisms responsible for the augmented pressor response to mental stress in prehypertensive subjects, not the mechanisms underlying forearm vasodilation. Both leg MSNA and forearm vascular conductance have been independently proposed as potential mechanisms contributing to the augmented pressor response, and the present study advanced our knowledge by demonstrating that blunted forearm vasodilation, not augmented MSNA, is a primary contributor. This is important as it had previously been assumed that augmented MSNA was a likely contributor (22) . However, we recognize that other potential mechanisms might include vasoconstriction to nonmuscular beds, including renal, splanchnic, and skin (5, 19, 30, 31) ; future work will have to address these vascular beds.
As previously noted, passive MSNA withdrawal has been suggested as a potential mechanism for the forearm vasodilation associated with mental stress (15) , but this remains debatable (8) and other mechanisms have been proposed (7, 11, 21) . Specifically, both nitric oxide (6, 7, 11) and circulating epinephrine (21) have been shown to contribute to forearm vasodilation during mental stress. Of interest to the present study, Cardillo et al. (6) reported that nitric oxide-mediated vasodilation during mental stress was attenuated in hypertensive subjects. We did not assess nitric oxide levels in the present study, but it seems reasonable to speculate that the blunted forearm vasodilation during mental stress in prehypertensive subjects may be related to altered nitric oxide responses.
Although mental stress does not typically modulate calf vasculature (8, 27) , calf vasodilation has been observed during mental stress (19) . Therefore, the modest, yet significant, calf vasodilation reported in the present study is reasonable and consistent with prior work. Importantly, calf vasodilatory responses to mental stress were similar in normotensive and prehypertensive subjects. Thus prehypertension appears to elicit divergent limb vascular responses to mental stress. The clinical consequence of this divergent vascular response remains unclear, but it is consistent with other studies reporting divergent limb vascular responses during physiological "stressors" in both animals (34) and humans (20, 24) .
In conclusion, the present study demonstrates that prehypertension elicits a more dramatic pressor response to mental stress compared with normotensive subjects. This augmented pressor response appears to be related to blunted forearm vasodilation, but not augmented MSNA. These findings provide new insight into the complex relationship between mental stress and hypertension.
Perspectives. Despite attempts to recruit young, prehypertensive women, we were only successful in the recruitment of 17 prehypertensive men. Accordingly, we caution the extrapolation of the present data to women. A growing body of evidence suggests that the relations between MSNA and arterial blood pressure regulation differ in men and women (18) , and we cannot speculate how these differences might translate to the present findings. Although young, otherwise healthy women have a lower incidence of prehypertension than their young, male counterparts (16), they have a much higher incidence of anxiety and panic disorder (32) . The long-term impact of these more "chronic" stressors on arterial blood pressure remains unclear, but evidence suggests that such chronic stressors are linked to essential hypertension via autonomic mechanisms (12) . Whereas the present study focused on neurovascular responses to acute mental stress in prehypertensive men, future investigations might focus on not only prehypertensive women, but also chronic stress.
